Domain wall (DW) propagation is one of the methods for local magnetization switching in memory and logic device applications. [1] [2] [3] For enabling higher density devices, perpendicular magnetic anisotropy (PMA) materials are being investigated, as narrow DW structures such as Bloch and N eel configurations are stable. [4] [5] [6] [7] The asymmetric film stack constituting the PMA material has been shown to lead to an interfacial Dzyaloshinskii-Moriya interaction (DMI) 8, 9 wherein a N eel DW configuration is favored.
10,11 DMI stabilized N eel DW has been reported to have higher speed as the Walker breakdown is shifted to higher external fields. [12] [13] [14] [15] [16] For current-driven DW motion, the N eel DW motion in the PMA wire is governed by a combination of DMI and Spin Hall Effect. [17] [18] [19] [20] Spin configuration and effective torques acting on the N eel DW play a decisive role in the motion of the DW in the structure. 21, 22 Depending on the chirality of the N eel DW, the motion of the DW can be along or against the flow of the current. The DMI stabilized N eel DW configuration has been shown to propagate via a tilting of the DW surface. The DW tilting drives a dynamical effect of magnetization spin configuration of the moving DW in the system. The DMI induced DW tilting has been reported to lead to a depinning anomaly in nanowires with potential barriers. In network structures, the geometrical construction induces an intrinsic potential barrier for DW propagation along the wire. To date, the experimental investigation of DW dynamics in a device with complex geometry remains elusive. 23, 24 In this letter, we report on the dynamics of a N eel DW in a bifurcated nanowire. A single DW is injected into the structure, and its propagation is directly probed by using a combination of Kerr microscopy and anomalous Hall effect (AHE) measurements. Our results reveal that an incoming DW splits at the bifurcation, and the separated DWs propagate asymmetrically at each of the branches due to the influence of DMI.
Multilayered thin film stacks Ta (5 nm)/Pt (5 nm)/[Ni (0.25 nm)/Co (0.5 nm)] Â4 /Co (0.5 nm) with a Ta (5 nm) capping layer were deposited on Si/SiO 2 substrates using the sputtering deposition technique. The stack structure is asymmetric with respect to the spin Hall angle of the bottom Pt and the top Ta layer. 25 A 2-lm-wide Y-shaped wire structure with a Hall bar at each of the branches was fabricated using a combination of electron beam lithography and Arþ ion milling techniques. Ta/Cu/Au films were deposited as electrical contact electrodes. Figure 1 shows Kerr microscopy images of the Y-shaped device structure, which comprises of an 8-lm-long straight wire connected to a curved structure with an 8 lm radial curvature. Each branch of the curved structure is labeled as branch 1 (B1) and branch 2 (B2), and the Hall bars that act as a local detector for probing the DW motion are placed at a short distance from the endpoints of the curved structure. Figures 1(a)-1(d) depict the DW propagation in the structure following nucleation of a single DW in the wire, where the differential Kerr imaging technique was applied. The Y-shaped structure was initially saturated with an external field of 3 kOe along the -z-orientation. A 50 ns current pulse, J pulse ¼ 3.6 Â 10 11 A/m 2 , was used for the DW injection. 26, 27 The current pulse creates a DW as evidenced by the dark contrast next to the injection line, as seen in Fig. 1(a) . Upon applying a driving field of þ95 Oe, the injected up-down DW reaches the junction, as shown in Fig.  1(b) . The domain expands asymmetrically in both branches, resulting in a DW in each individual branch, as shown in Figs. 1(c) and 1(d). Each DW in the respective branches, B1 and B2, has been observed to reach the Hall bars under different driving field strengths. The DW in B2 required þ120 Oe, while that in B1 required þ165 Oe. Both DWs exit the ends of the respective branches instantly when a larger driving field, e.g., þ185 Oe, was used. This observation is in Published by AIP Publishing. 110, 232402-1 contrast to the previous report that the splitting of DW always leads to symmetrical DW creation in respective branches. 18 To gain an insight into the splitting process, magnified Kerr images were captured under smaller driving field steps, as depicted in Figs. 1(e)-1(g). The injected DW propagates along the input wire with a tilting in the DW surface. The DW surface has a right-handed tilt orientation with respect to its propagation direction. This type of DW surface tilting is usually stabilized by a DMI vector in the system. [28] [29] [30] As can be seen in Figs. 1(f) and 1(g), the DW exhibits a right hand tilt. At the bifurcation, the leading edge of the DW propagates into the right hand branch. Further field leads to a favored direction of the DW in the curved branch. In Figs. 1(e)-1(g), the bright contrast and the dark contrast at the edges of the nanowire along the left-hand branch are the result of measurement artefacts, such as aberration and shadowing effects, which is one of the limitations of our experimental setup. This is especially significant due to the curved edge of the nanowire in the U-shaped section. In our setup, the Kerr images are captured and subtracted from a reference Kerr image. For no magnetization change with respect to the reference, the corresponding differential Kerr image results in no magnetic contrast, corresponding to a grey Kerr image. However, any slight misalignment or the displacement of the sample during the experiment results in the shadowing effect observed along the edges of the nanowire.
The effect of DMI on the DW splitting at the junction was investigated by micromagnetic simulation. The micromagnetic simulations were performed using the object-oriented micromagnetic framework (OOMMF) program. 31 The structure was discretized with a cell size of 5 nm Â 5 nm Â 3. . To ensure that DW tilting is observed in the simulation, a DMI constant D ¼ -1.2 mJ/m 2 (Refs. 32 and 24) is chosen. As the DW tilting in our measurement does not appear right after the DW nucleation, the initial configuration of the DW in the simulation is set as Bloch. The DMI subsequently stabilizes a N eel configuration with the up-down DW with internal spin pointing along the left (" #) or the downup DW with internal spin pointing along the right (#!") as a function of the initial magnetization direction. A schematic representation of a left-handed N eel domain wall propagating in the structure is shown in Fig. 2(a) . As the DW propagates towards the junction, the DW leading surface is pinned at the bifurcation edge, a curved profile is subsequently developed as the DW surface reaches the junction, and the up-down DW splits into the two branches eventually. The simulated spin configurations are shown in Fig. 2 (b-‹$°). The simulation shows that the asymmetric DW expansion at each branch is due to the tilting of up-down N eel wall configuration. As the reversed domain expands within the junction, the DW within branch B2 restores the right hand-tilt and propagates within the branch. For branch B1, a slightly different process is observed. Following the depinning at the junction, the DW within branch B1 does not have the requisite right-hand tilt as imposed by the DMI. As such, the DW undergoes a structural reorientation of the spins to adopt the right-hand tilt. The spin configurations are presented in the supplementary material. This process undeniably slows down the DW propagation through branch B1 while requiring additional external energy for DW stabilization. The asymmetrical DW motion in the structure is consistent with the Kerr microscopy observations and a larger external field required to have the DW in branch B1 reaching the end of the wire.
To understand further the influence of the DMI on the observed phenomenon, we repeated a similar simulation but excluded the DMI factor, i.e., D ¼ 0, and the simulated spin configurations are shown in Fig. 2(c) . A Bloch wall is stabilized within the system, and no distinct DW surface tilting is observed. At the junction, the propagated Bloch wall expands symmetrically within the bifurcation, and the two separated DWs move into the branches in a near symmetric behavior, as shown in Fig. 2(c-s a -s e ) . The selective propagation resulting from the DW tilting was further investigated in the simulation by varying the DMI constant. Shown in Fig , the tilt angle of the right-handed DW increases significantly, and asymmetrical DW propagation is observed at the junction. For jDj ! 1.5 mJ/m 2 , the stronger DMI causes distortion and elongation to the DW profile, and selective propagation in the branch is no longer present. Interestingly, the measured DMI in the film stack for our devices is $0.3 mJ/m 2 . The asymmetric DW motion within the branch is attributed to the enhanced DW tilting induced by the intrinsic edge roughness in the patterned devices, as can be seen in the Kerr images shown in Fig. 1 .
AHE measurements were performed to further investigate the DW dynamics in the network structure. 33, 34 The R xy -H z curves shown in Figs. 3(a) and 3(b) were obtained by using the following sequence: (1) a þ3 kOe saturation magnetic field was applied along the þz direction; (2) injection of a down-up DW via a 0.89 V current pulse along the injection line; and (3) measurement of the Hall resistances (R xy ) while sweeping the field, and the current is applied through the curved structure. The DW motion can be detected via the R xy changes at the Hall bars. In the structure consisting of a heavy metal and ferromagnetic layer stack, the current induced magnetization dynamics have been suggested to be mediated by the spin orbit torque (SOT) effect. Shown in Fig. 3(c) is a histogram of the pinning field for branches B1 and B2 of four different devices investigated. A clear demarcation between the pinning fields between branches B1 and B2 can be clearly observed. The switching in B1 occurs within the field range, 150 Oe H pin,B1 180 Oe, whereas for B2, the pinning field range is 55 Oe H pin,B2 125 Oe. The large range for the pinning field of branch B2, H pin,B2 , is attributed to the edge defects playing a prominent role in the DW motion along the wire at low external fields. The pinning field at branch B2 consistently displayed a lower magnitude. As such, the DW within the Y-shaped structure always propagates asymmetrically at the junction. We also repeated the measurement with the smaller wire width, i.e., 500 nm, and a similar depinning field difference for branches B1 and B2 was obtained. The results are presented in the supplementary material.
The DW propagation directions of a left-handed N eel DW with down-up or up-down configuration as a function of the magnetic field or current are illustrated in Fig. 4(a) . For field driven dynamics, the DW motion is determined by the expansion/shrinking of domains with respect to the applied out-of-plane field strength. For the down-up N eel DW at position I, the DW moves along the current flow (þx-direction), shrinking the "Up" bit within the region bounded by I-II. The externally applied field, Hz, applied along the þz (Up) orientation, will expand the þM z components within the region bounded by I-II. As such, the field induced downup N eel DW at position I will move along the -x-direction. Thus, at position I, the DW motion is governed by an interplay between the current and field induced DW motion. At position II, both the current and field induce the Up-Down N eel DW to move along the current flow (þx-direction), expanding the region with þM z components. In the case of current-driven dynamics, the left handed down-up DW moves along the current orientation. Current passing through the wire structure leads to spin accumulation at the interface between the heavy metals (Pt and Ta) and ferromagnet ([Co/ Ni] Â4 ). 40, 41 The measured SOT effective fields [42] [43] [44] in the Hall bar structure with the Pt/[Co/Ni] Â4 layer are quantified as a function of current density (see the supplementary material). The corresponding Slonczewski-like (SL) and field-like (FL) effective fields are evaluated to be $ 625 Oe at J ac % þ5 Â10
10 A=m 2 : For the current-driven motion of injected down-up and up-down DWs, the R xy change relevant to the current was investigated as the current is swept at 64 mA via B2. The respective R xy values for initial down and up magnetized states along the -z and þz orientations are shown in Figs. 4(b)-4(e) . Following the injection of an up-down DW at the input wire, the R xy change in branch B2 for the down magnetized state is found to be in the range of DR xy; down % 9:85 $ 10:25 X. A value of DR xy % 60:4 X, corresponding to the presence of the DW at the Hall bar, is obtained, as shown in Figs. 4(b) and 4(c). For current flowing along the þy orientation in B2, Fig.  4(b-‹) , R xy does not change. This implies that the up-down DW may be either moving away from the Hall bar or the current does not induce any DW motion. An abrupt change in R xy is observed in Fig. 4(b-›) , as the current is swept along the -y direction, implying that the DW has crossed the Hall bar. When the current is swept back towards the þy direction, an abrupt R xy change is observed in Fig. 4(b-fl) . A schematic depicting the DW dynamics as a function of the applied current is shown in Fig. 4(b) . The up-down DW moves opposite to the direction of the applied current.
For the down-up DW, the corresponding magnetization state resistance was found to vary within the range of R xy; up % 11:1 $ 11:4 X, with a value of DR xy % þ0:3 and À 0:4 X for a down-up DW motion, as shown in Figs. 4(d) and 4(e) . Interestingly, for the same current sweep, the R xy change occurs at different orientations of current flow. The DW motion as a function of the current is illustrated in Fig. 4(e) . As can be seen from Fig. 4(e) , the DW motion is along the current flow direction, which is opposite to the current induced dynamics of the up-down DW. These results indicate that the DW propagation direction is strongly dependent on the configuration of the DW rather than the applied current direction in the structure. This is consistent with the SOT induced motion of the chiral Neel DW with right-handedness. The motion of the right handed up-down Neel DW is always accompanied by a right hand surface tilt of the DW. This is consistent with the Kerr imaging results presented in Fig. 1 .
In summary, the direct observation of the DW dynamics in a bifurcated wire reveals that the propagation is via the splitting of DW at the junction, resulting in a DW in each branch. The DMI induced DW tilting leads to quasi-selective propagation through the network structure, with the favored branch determined by the tilting angle of the DW surface. This results in the DW in the individual branches having different depinning fields. Our work shows that by tuning the DMI constant in a material, selective DW motion through a network can be achieved.
See supplementary material for the deterministic DW creation, SOT measurement, and DW propagation at the bifurcation. 
